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We demonstrate that a weak, static electric field enables nearly complete coherent phase control
of the total ionization yield in a two-color ionization process using fundamental and secondharmonic radiation. The static electric field induces a dipole-forbidden resonance in the twophoton transition amplitude so that the final photoelectron states are identical to those in a single
photon transition. We demonstrate also a phase controllable circular dichroism effect in the total
photoelectron yield. Experimental realization of this process using alkali metal atoms is discussed.
[S0031-9007(99)09357-6]
PACS numbers: 32.80.Fb, 32.80.Qk, 32.80.Rm

Coherent control of atomic and molecular processes has
blossomed in the past decade, with two major approaches:
one focused on manipulating the interference between alternative transition amplitudes generated by a two-color
laser field [1], and the other on manipulating electronic or
vibronic wave packets produced and controlled by short
laser pulses [2]. The two-color approach encompasses a
variety of pairs of interfering amplitudes, which differ in
the kinds of transitions and in the extent of possible control. One kind is interference between a dipole-allowed
three-photon transition and a one-photon, third-harmonic
transition [3]. As some of the allowed final states for the
two transitions are the same, control of at least some of
the total ionization yield is possible, but not 100%. Also,
for weak laser fields, the three-photon amplitude is small,
unless enhanced by an intermediate state resonance. Another kind is interference between a two-photon transition
and a one-photon, second-harmonic transition [4]. For
electric dipole transitions only the angular distribution of
photoionized electrons can be coherently controlled: as the
final states have different parity, there is no phase control
of the total ionization yield, at least for weak laser fields.
[For strong fields, ponderomotive potential and other effects are important [5]; phase control of above-thresholdionization spectra using a laser and its second harmonic
has been achieved [6].] This scheme has been applied also
to control electron motion in semiconductors [7]. A third
kind is interference between two two-photon, two-color
transitions, with each enhanced by an intermediate resonance state [8]. Since the final states are identical, control
of the total ionization yield is possible. However, realization of this scheme depends on the availability of suitable
laser frequencies and systems having appropriate intermediate energy levels. The use of static electric fields to mix
levels of opposite parity in such a scheme has recently
been investigated for two interfering, dipole-quadrupole,
two-photon transitions [9]. Finally, the use of laser polarization and, in particular, circular dichroism (CD) to investigate and control atomic transitions is growing [10].
0031-9007y99y82(24)y4791(4)$15.00

Static-field-induced CD in a two-photon, dipole-forbidden
bound-bound transition was recently predicted [11].
We propose here the use of a static electric field
to achieve nearly complete phase control of the total
ionization yield for a bound-free transition resulting
from interference of a resonantly enhanced, two-photon
transition and the corresponding one-photon transition
induced by a second-harmonic photon. We demonstrate
also circular dichroism in the total ionization yield. We
examine such a process for the alkali metal atoms, for
which the active electron is initially in an s state, and for
which the dc field induces a dipole-forbidden resonance
in the two-photon transition with an intermediate s state.
Specifically, consider ionization of an alkali metal
atom from its ground jnsl state by two laser beams
with frequencies v1  v and v2  2v, such that v 
vn0 n 2 D, where D, the resonance detuning, is of the
order of the width G of the excited level jn0 sl. The twophoton ionization by the field
F1 sr, td  F1 Rehe1 expfisk1 ? r 2 vt 1 w1 dgj

(1)

and the single-photon ionization by the field
F2 sr, td  F2 Rehe2 expfisk2 ? r 2 2vt 1 w2 dgj

(2)

both result in electrons with the same energy, E  2v 2
I, where I is the ionization potential. We assume ionization without core excitation, which is the usual case
for optical or ultraviolet frequencies. As the photoelectrons resulting from one-photon and two-photon ionization have different angular momenta, interference between
the two routes to ionization shown in Figs. 1(a) and 1(b)
(for weak fields) may be observed only in the photoelectron angular distribution [4]. This interference cannot influence the total ionization yield, which is a sum of the
separate one-photon and two-photon ionization yields,
with the former corresponding to an jEpl final state and
the latter to a combination of jEsl and jEdl final states.
A static field F0  F0 e0 , together with the two-color
radiation, induces the third-order resonant path shown
© 1999 The American Physical Society
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FIG. 1. Energy level schematic showing possible pathways
for one- and two-photon ionization.

in Fig. 1(c). For F0 of order G in a.u. (i.e., in the
range of 10 to 1000 Vycm, depending on the extent
of collisional broadening of the resonant state, where
typically G  0.05 5 meV) significant enhancement of
the two-photon ionization rate occurs. In addition, the
field-induced resonant amplitude interferes with that of
the first-order process [cf. Fig. 1(b)]. Thus, the total
ionization probability of an atom in a dc field by the laser
fields in (1) and (2) has contributions from the three distinct
ionization routes indicated by Figs. 1(a)–1(c), as well as
from an interference between the first-order and third-order
amplitudes [cf. Figs. 1(b) and 1(c)] having photoelectrons
in p states. Thus, the total rate is the sum of four terms,
sad

sbd

scd

sbcd

Wtot  WF1 1 WF2 1 WF0 F1 1 WF0 F1 F2 ,

(3)

where a, b, c correspond to the processes in Fig. 1 and bc
refers to the interference of processes (b) and (c).
sbcd

WF0 F1 F2 
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Every rate in the sum (3) may be written in terms of
field amplitudes and radial matrix elements (RME). We
designate by Rp  kEpjrjnsl the RME for the one-photon
transition from the initial state into p states of the continE 1v
uum, Rssdd  kEssdd jrg1 ns rjnsl designates that for the
two-photon transition from the ground state into continuum
s and d states, and, in the resonance approximation, the
third-order RME of the dc field-induced path (c) splits into
E 1v
the product of Rn0 s  kn0 sjrg1 ns rjnsl, the RME for the
second-order excitation transition into the resonant state,
and Rp0  kEpjrjn0 sl, the first-order RME for the ionization transition from the resonant state. Here glE sr; r 0 d is
the radial Green’s function for the valence electron in a
subspace of states with angular momentum l (see, e.g.,
Ref. [12]).
The transition rates for the three ionization routes may
be written in terms of the RME’s as follows:
"
#
pF14 2 2
2
sad
2
2
l1 Rs 1
(4)
s3 2 l1 dRd ;
WF1 
72
5
pF22 2
sbd
(5)
WF2 
Rp ;
6
sRp0 Rn0 s d2
pF14 F02
scd
(6)
?
je1 ? e0 j2 .
WF0 F1 
54G 2
1 1 4D2 yG 2
The parameter l1  se1 ? e1 d in Eq. (4) designates the degree of linear polarization for the basic harmonic radiation [11]. Both phase-dependent and circular dichroism
effects are due to the dc field-induced interference term,
which depends on the relative phase of the two waves
w  2w1 2 w2 [cf. Eqs. (1) and (2)], as follows:

pF12 F0 F2
Rp Rp0 Rn0 s ? hs2D cosw 2 G sinwd Refse1 ? e0 d se1 ? e2p dg
9G 2 s1 1 4D2 yG 2 d
2 s2D sinw 1 G coswd Imfse1 ? e0 d se1 ? e2p dgj .

(7)

Equation (7) comprises many special cases; we consider two.
Consider first linearly polarized fields, for which the term with Imfse1 ? e0 d se1 ? e2p dg in Eq. (7) disappears. For
e1 k e2 k e0 , we find upon substituting Eqs. (4)–(7) into Eq. (3) that the phase dependence of the total transition
rate (3) is
2
√
√
!2
! √ !2 3
sbd
2
WF2
2D
F12 5
4D
4s1 2 fp sinwd2 1
,
(8)
1
q
1
1
Wtot swd 
1
fp
cosw
1 1 4D2 yG 2
G
G2
F2
where

F0 F12
f ;
3GF2

(9)

is a field- and resonance width-dependent parameter, and
√ !2 2
√ !2 3
Rp0 Rn0 s
5 Rs 5
1 Rd 4
11
and q ;
p;
Rp
15 Rp
4 Rd
(10)
are purely atomic parameters presented in terms of the
RME’s. Since the interference occurs only between the
first- and third-order processes (b) and (c), corresponding
effects become observable when their contribution to the
4792

total yield [given by the first two terms in square brackets
in Eq. (8)] exceeds that of the second-order two-photon
process (a) [given by the term with factor q in Eq. (8)],
which provides only a phase-independent background. In
terms of the dimensionless parameters,
√ !2
F2
2D
,
b ; fp,
and g ; q 1 , (11)
a;
G
F2
we see that phase-dependent control of the total ionization
yield will be maximal for a ø b ø 1 and g ø 1. Numerical results for the atomic parameters p and q indicate
that experiments with alkali metal atoms may meet these
conditions rather easily (cf. Table I). Therefore we neglect q or g in our further discussions.
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TABLE I. Natural width G and parameters p and q for alkali
metal atoms. Powers of 10 are in parentheses.
Atom

Resonant
level n’s

Na
K
Rb
Cs

4s
5s
6s
7s

G (a.u.)
p (a.u.)
q (a.u.)
( Ref. [15]) [cf. Eq. (10)] [cf. Eq. (10)]
2.05(4)
5.26(4)
2.86(4)
3.00(4)

0.65s29d
0.52s29d
0.52s29d
0.49s29d

5.45s21d
1.14s21d
4.42s22d
8.36s22d

Wtot swd 2 Wtot sw 2 pd
2bsa cosw 2 sinwd
.

Wtot swd 1 Wtot sw 2 pd
1 1 a2 1 b2
(12)

For exact resonance (i.e., a  0), Eq. (12) predicts 100%
phase control of Mswd between the values 6Mmax , where
Mmax ; 2bys1 1 b 2 d, as the phase varies over the range
2py2 # w # 1py2. Figure 2 shows the dependence of
Mswd on a for four values of the phase w for the case of
b  1. One sees that significant phase control of the total
ionization yield may be achieved over a rather large range
of detuning from resonance.
Consider now cases for which the term with Imfse1 ?
e0 d se1 ? e2p dg contributes to Eq. (7); namely, those involving elliptical polarization of one or both photons. This
contribution results in a circular dichroism effect for the
total ionization probability: e.g., the photoelectron yield
will differ for right- and left-handed circular polarization
of either of the two radiations when the other is linearly polarized. If the second-harmonic field is linearly polarized
perpendicular to the dc-field vector, e2 'e0 , then Refse1 ?
e0 d se1 ? e2p dg vanishes and Imfse1 ? e0 d se1 ? e2p dg  jy2,
where j is the degree of circular polarization of the firstharmonic photons [11]. The degree of circular dichroism
1
ϕ=0
ϕ=π/4
ϕ=π/2
ϕ=3π/4

M(α,β=1,ϕ)

0.5

0

-0.5

-1

-4

-2

0

α

2

for a circularly polarized field F1 sr, td [cf. Eq. (1)] may be
described by
Wtot sj  1d 2 Wtot sj  21d
D1 
Wtot sj  1d 1 Wtot sj  21d
bsa sinw 1 coswd
.
(13)
1 1 a2 1 b2
A similar measure of circular dichroism for the
case of circularly polarized second-harmonic photons
[cf. Eq. (2)]pand linearly polarized first-harmonic photons
1
is D2  2 2 D1 . Since D1 swd  2 2 Msw 1 py2d,
one sees from Fig. 2 that significant phase control of
circular dichroism is also possible over a wide range of
laser detunings.
Rotational invariance and symmetry arguments give a
better understanding of our general result (7) and of its
connection to results of others. First, the interference term
(7) is asymmetric for opposite directions (i.e., 6e0 ) of the
static field F0 . This asymmetry is similar to the polar
asymmetry of the photoelectron yield, which is described
by a term ~ e2 ? p in the angular distribution of photoelectrons with momentum p [4]. In contrast with F0 , however, p is time (T )-odd and hence the scalar product e2 ? p
must enter the angular distribution only together with another T -odd factor. In the situation considered in Ref. [4],
i.e., interference between the paths shown in our Figs. 1(a)
and 1(b), this factor has a form ~ sinsw 1 dd, where d is
the difference between the continuum electron’s scattering
phases dp and either ds or dd . Thus, the laser phase difference w has the same status as d; both provide phase control
of the process. Obviously, neglecting the electron-core interaction, the asymmetry factor vanishes for w  0 and has
a maximum at w  py2 (cf. Ref. [13]). In Eq. (7) [see
also Eqs. (12) and (13)] the factors sinw and cosw enter
in opposite ways in the factors multiplying ReI and ImI,
where I ; se1 ? e0 d se1 ? e2p d. This is easily explained,
since the combination of vectors ReI is T -even and, therefore, the T -odd factor sinw appears multiplied by the level
width G, which is evidently T -odd also. For w  0 the
term with ReI is proportional to D and vanishes for exact resonance. On the contrary, the dichroic term, ImI, is
T -odd and the appropriate coefficients before it are proportional to either sinw or G. Therefore, for w  0 or at exact resonance circular dichroism is completely dissipation
induced, which is similar to phase-independent, circular
dichroism effects in (one- or multiphoton) photoprocesses
with initially unpolarized targets [14]. When w fi 0, the
phase-dependent and polarization effects in the presence
of a static field lead to a variety of possible behaviors, providing great flexibility for experiments with targets having
different atomic parameters. Noteworthy is the fact that a
static field provides a one-photon resonance in the laseratom interaction between two jsl levels, which is strongly
forbidden for F0  0. For this case circular dichroism formally is similar to possible parity-violating effects, caused
by neutral currents, etc. [15], which lead to an admixture
of jpl levels to the resonant jn0 sl level.


The modulation of the total ionization yield may be best
expressed as the following ratio, denoted Mswd:
M 
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4

FIG. 2. Total ionization yield modulation function Mswd
[cf. Eq. (12)] plotted vs the dimensionless detuning parameter
a [cf. Eq. (11)] for b  1 and for four values of the relative
phase w ; 2w1 2 w2 [cf. Eqs. (1) and (2)].
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Numerical data for the atomic parameters p and q
for the alkali metal atoms, calculated according to the
Fues model potential method [12], are given in Table I,
together with the widths G of the lowest resonant s
levels [16]. The large absolute values of the parameter
p enable the experimental observation of the effects
predicted here with achievable values of the relevant field
amplitudes. For example, taking F0  3G and requiring
the dimensionless parameter b  fp to be unity, we
determine the ratio between the amplitudes of the ac
fields as F12 ø s1025 1024 dF2 for the values of p typical
of alkali metal atoms (cf. Table I). This relation means
that if the second-harmonic field is fixed at, e.g., F2 
10 kVycm then the first-harmonic field varies in the range
of F1  20 70 kVycm. (Note that F0 , 3 15 Vycm
will suffice if only the radiation width accounts for
the dissipation of atoms from the resonant state, while
one needs F0 , 100 1000 Vycm if G accounts also for
collisional broadening under conditions typical for alkali
metal atomic vapors.) The contribution of the interference
term (7) may also increase when the dc field F0 is
increased instead of F1 , so that the phase-dependent
interference effects may appear for lower values of F1 .
As one may verify from the q values in Table I, the
relative contribution of the dc field-independent twophoton ionization process shown in Fig. 1(a) under the
above-discussed conditions does not exceed 1028 in any
of the transitions presented in Table I.
In conclusion, we have presented a detailed analysis
of a means to achieve nearly complete phase control
of the total ionization yield for a bound-free transition resulting from interference of a resonantly enhanced
two-photon transition and the corresponding one-photon,
second-harmonic transition. A static electric field is employed to ensure that the final states reached by either of
the two interfering paths are identical. This scheme also
permits a CD effect for the total ionization yield. Our
results are presented in the form of simple formulas for
the modulation of the total ionization yield and of the CD
effect as functions of the relative phase of the two laser
fields. These formulas involve dimensionless parameters
dependent on both atomic data and on the various laser
and static field variables. For the alkali metal atoms, we
have provided the relevant atomic data so that experimentalists need only to select the field variables in order to
estimate the outcomes of particular measurements. We
comment finally on some possible concerns regarding our
treatment. First, the detuning from resonance is not so
large that other intermediate resonances (e.g., n0 p) need
to be considered. The n0 s levels in the alkalis have large
quantum defects, which keeps them well-separated from
n0 l levels. Second, since n0 s is populated by a dipoleforbidden process, saturation of this level is not an issue.
Indeed, the ratio of the decay rate of n0 s (due to ionization by F1 ) to the Rabi frequency (coupling n0 s to the
initial state) is proportional to F1 yF0 ¿ 1. Hence for
reasonable values of F1 and F0 , one has ionization of n0 s
4794
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before Rabi oscillation occurs. This is true for any detuning, including D  0. Hence our formulation should be
generally useful to experimentalists in planning experiments for coherent control of total ionization yields
with nearly complete phase control, for exploring circular dichroism effects on total ionization yields, and for
possible applications in semiconductors [7].
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